The gear rolling densification of Powder Metal (PM) gears leads to better mechanical properties due to the selectively closed porosity of some hundreds of a micrometer under the surface of the tooth. The optimization of this process is critical in order to reduce the overall design time of the process and to increase the quality of the rolled gear. One way to optimize the process, tool design and gear with stock is to conduct Finite Element (FE) simulations with a plasticity material model for porous metals. The simulations should be able to predict the resulted geometry and densification, after that the opposite procedure can be conducted and by using simulations as a design tool to predict the process parameters. In this paper, FE simulations are being performed for the gear rolling densification process. The aim is to investigate how such simulations can be used to improve the quality of the rolled gear. Moreover, to identify how more advanced plasticity material models such as the anisotropic model of Ponte-Castaneda Kailasam and coworkers can help and increase the accuracy of the calculations, compared to more commonly used models such as the one suggested by Gurson-TveergardNeedleman (GTN). Furthermore, the results from the simulations in densification and involute profile are also correlated with experimental results to validate the accuracy of the simulations. Finally, the accuracy of the simulations in densification and involute profile will define if the target of optimizing the gear rolling densification process through FE simulations is realistic.
Introduction
Powder Metallurgy (PM) is an established technology for manufacturing components in many applications. The reason is the high productivity of highly complex parts with good mechanical properties and tolerances. At the same time it is an environmentally friendly process. The stages for manufacturing a component from powder metal are three, first iron powder is mixed with carbon and other alloying elements that are chosen depended on the application. The mixed powder is then filled into a mold and pressed by the tool. At this stage the pressed component possesses a low strength due to the fact that the grains are stacked together from plasticization during compaction. The final process is the sintering process, the components undergo a heat treatment under certain atmosphere conditions and in a temperature bellow the melting temperature of the alloy in order to bond by means of atomic diffusion between adjacent powder particles and attain the required strength. The product that is taken after sintering is a ferrous porous steel component with lower mechanical properties than the full dense part due to the presence of porosity.
One of the component that is increasingly becoming very interesting to the PM industry are highly loaded gears. Highly loaded PM gears can be produced by pressing sintering and then treated with post sintering operations which can be mechanical and thermal. Gear rolling densification is a post sintering mechanical process in which the porosity is selectively closed at the surface and bellow the flank of the gear teeth. The PM gear rolling process improves the mechanical properties such as the permissible tooth bending and flank contact stress if the densification is performed successfully. Moreover, if a good surface profile is achieved by rolling, no extra process such as grinding is needed and Kumar (Kumar et al., 1999) conducted FEM simulations with the Gurson (Gurson, 1977 ) model. Kraft (Kraft et al., 2008 , made a comparison study between the Gurson and the Gologanu (Gologanu et al., 1997) plasticity models for porous metals. Klocke (Klocke et al., 2007) used FEM in order to simulate the rolling process and compare the densification behavior of the rolled PM gear. The densification in the FEM simulations agreed with the experimental results, no deformation results were included. Gräser (Gräser et al., 2014) conducted FEM calculations for the root tooth stress of a PM densified gear. Cho (Cho et al., 2015) and co-workers developed a program for the gear rolling process of PM gears that predicts densification and deformation behavior of rolled gears with Shima and Oyane (Shima and Oyane, 1976 ) porous plasticity material model. Gurson (Gurson, 1977) conducted a study in order to derive a constitutive relationship for the plastic behavior of porous materials. Gurson hypothesized that the porous are normally distributed and remain spherical during growth and that isotropic hardening drives the yield surface. The model is based on the von Mises or else the 2 criterion and takes into consideration the hydrostatic stress that is applied at the voids. Tveergard (Tveergard, 1982 (Tveergard, , 1987 ) reformulated the Fig. 1 Production chain of a sintered and rolled PM gear. The production steps are five in total by starting from the initial that is the mixing stage of the powder. It is assumed that no hard finishing is required.
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yield surface of the Gurson criterion by adding factors depend on the material. Shima and Oyane (Shima and Oyane, 1976 ) presented a plasticity theory for porous materials based on experiments for copper, the yield criterion is a reformulation of the von Mises criterion by introducing the effect of the hydrostatic stress and an influence factor on the hydrostatic part. The flow rule of the above models is stated by the normality rule or else the associated flow rule since yield criterion is connected with the potential function. Roland and Khoei (Roland and Khoei, 2001 ) introduced a double surface plasticity model for powder materials for the description of cyclic loading and suitable for open porosity and compaction. Gologanu (Gologanu et al., 1993) derived constitutive formulations for axisymmetrically loaded porous material within a plastic matrix. Kailasam, P.Ponte Castaneda and coworkers (Kailasam et al. 1997a (Kailasam et al. , 1997b (Kailasam et al. , 2000 derived a general constitutive theory to model the behavior and evolution in porous materials with developing deformation in three dimensions. The theory considers a randomly distributed void distribution that during deformation can change size, shape and orientation. The model is also based on associated plasticity and is driven by isotropic hardening. Aravas and Ponte Castaneda (Aravas and Ponte Castaneda, 2004) proposed a methodology for the numerical integration of the elastic-plastic constitutive model.
Simulations
The FE model is build according to the gear rolling densification process with contact and kinematic conditions. The gear rolling densification starts by placing the PM gear with stock material between two tools. The tools during the process have two degrees of freedom, the rotational and the translational in one direction. The gear with stock can only rotate, in all the other degrees of freedom is fixed. Figure 2 shows schematically the gear located between the tools and the kinematics of the system. Fig. 2 Schematic of the gear rolling densification and kinematics. The tools are located at the right and left side of the PM gear. The tools during the process will move linearly towards the PM gear and parallel they will rotate to roll the gear.
The tools start rotating and come in first contact with the gear. Two AC motors give the rotation motion and at the same time, they are displaced into the gear taking motion from two hydraulic or electric actuators. Figure 3 shows a schematic of the three phases. The first phase is symbolized in Fig. 3 , with the letter A. It is called the initial phase and serves the purpose to provide the tool and gear with stock in contact. In the same diagram, from letter A to B the PM gear is rolled and at the same time is pressed by the tools. This phase is called infeed. After that the tools are rotating with opposite motion and remain at the final displacement from the infeed phase, from B to C in the diagram. This second phase is called calibration, during the third phase the tools are moving linearly outside of the gear, from C to D in the diagram. This phase is called retracting. Fig. 3 The diagram shows schematically the three phases of the gear rolling densification. From A-B it is the infeed phase, from B-C is the calibration phase and from C-D is the retracting phase. All the phases are needed to provide a good rolling result for both flanks.
A model was built in the Abaqus FE software (Abaqus), the gear that was chosen to be simulated is a spur gear, C-PT type gear. It was decided to start with a rigid tool and a flexible gear. The gear part is meshed with four node fully intergraded rectangular elements in a plane strain situation, named as CPE4 elements in Abaqus.
The simulation model was built in order to fulfil requirements that were set. The densification depth and the rolling cycles should represent a real case scenario. Contact should be added between the tool and the gear in combination to kinematic conditions. Kinematics are added in order to simulate the rotation of the two parts and at the same time the displacement of the tools into the gear. Furthermore, an implicit scheme is used due to the fact that the Newton-Raphson method is very accurate and works well both in loading and unloading conditions. In addition, it is always a good practice when building a FE model to try and simplify as much as possible. Symmetry properties and 2D models should be preferred instead of 3D models, complex geometries and kinematics that produce rigid body motions can cause convergence difficulties should be avoided. It is noted that a 2D simulation in plane strain will not capture phenomena such as out of plane material transfer since node displacement in the third direction is not considered.
Constitutive equations for the plasticity material models
The material model will determine how the constitutive relation will behave in loading and unloading in elastic and plastic deformation. Elastic deformation is the situation when the body recovers fully after the unloading condition. Plastic deformation is concerned when residual strains remain after unloading, these strains are the plastic strains, the behavior of the material is nonlinear and time-independent. During the background research, several material models for porous media were reviewed.
The most popular plasticity material model that has been used for many years in FE simulations for porous metals is the Gurson (Gurson, 1977) model which is modified by Tveergard (Tveergard, 1982 (Tveergard, , 1987 . Equation 1 shows the GTN (Gurson-Tveergard-Needleman) yield surface
The yield surface of the GTN model is a function of the void volume fraction , the factors 1 , 2 and 3 that are determined from material experiments, the effective von Mises stress , the hydrostatic pressure and the yield stress of the full dense matrix material. The yield surface exhibits isotropic hardening and the plastic strains are developed by following the normality rule. The evolution law follows the equivalent plastic work.
It should me mentioned that the main disadvantage of the Gurson plasticity material model is that it assumes that the voids always remain spherical under tension and compression, void growth and nucleation. Figure 4 shows the Gurson yield surface plotted in a meridian plane in different porosity levels, by setting = 0 the von Mises plasticity is recovered. The von Mises plasticity is independent from the hydrostatic stresses and form volumetric strains. Fig. 4 Gurson yield surface plotted in a p-q plane. The Gurson yield surface is plotted against the hydrostatic axis and the von Mises stress in different porosity levels. This is done to show how the Gurson model is based on von Mises plasticity and the influence of the porosity to the hydrostatic part.
One of the material models that describes more realistically the elastoplastic behavior of porous metals in plastic deformation is the theoretical model of Kailasam, Ponte Castaneda and coworkers (Kailasam et al. 1997a (Kailasam et al. , 1997b (Kailasam et al. , 2000 . It is implemented in a FE commercial software as a user material according to the methodology that Aravas and Ponte Castaneda (Aravas and Ponte Castaneda, 2004) proposed. The elastic-plastic material model takes into account the development of anisotropy because the voids deform in shape and change their orientation under plastic deformation. The elastic part does not remain constant but depends on the porosity, shape and orientation of the pores during plastic deformation, this states that the model accounts the change in Young's modulus at the local densified surface. The basic advantage of the anisotropic model is that it describes the evolution of the porosity in a more realistic way by considering that the pore will evolve and become ellipsoid instead of remaining spherical. The evolution of the porosity after densification affects how the densified material will behave elastically when the body is loaded again. The yield surface is described in Equation (2) the simplification for this representation of the yield surface is that the voids are initially spherical.
The deformation of the yield function exhibits isotropic hardening. The evolution law state the same as Gurson, that the change in porosity is associated with the change of the volumetric plastic strains. The evolution of the yield function during plasticity within the evolution of the local aspect ratios and the corresponding local axes of orthotropy makes the behavior of the constitutive relationship locally orthotropic.
The mentioned above two material models build on the von Mises plasticity criterion by taking into consideration the influence of the hydrostatic stress that is applied on the voids.
Experimental investigation 5.1 Stress-strain relationship of the matrix material
The user input to the material models is the matrix material stress strain relationship. The GTN model has also the q factors that determine the behavior of the yield surface and can be customized for different porous materials. The matrix material can be found either by doing tension tests to the full dense material that has the same microstructure as the pore or by deriving the constitutive theory into a tension uniaxial case. Then, by manipulating the equations one can take the matrix material as output by giving as input the stress strain relationship of the porous material that was determined during tension tests. The later was used for the Gurson simulations since the assumption of spherical voids made the derivation of the constitutive theory much simpler.
HIP (Hot Isostatic Pressing) is a technique that can produce a pore free part by heating the part under high temperature and high pressure for a certain amount of time. This was the method to get fully dense Tension bars. Figure 5 shows the pore free material and the resulted microstructure which is bainitic and ferritic, same as the porous material microstructure.
Fig. 5 Microstructure with optical microscopy of the HIPed material
The base powder that was used to press Tension bars is Astaloy 85Mo (Fe+0.85 Mo)+ 0.3 % C + 0.7 % Lube E, mixed, pressed and sintered at 1120 ℃ in 90/10 % 2 / 2 for 30 minutes into tension bars in the facilities of Höganäs AB. Figure 6 shows the resulted stress strain relationship of a TS bar after sintering and hipping. Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 
Gear rolling densification of a C-PT type gear and resulted profile measurements
A C-PT type gear with stock material at the flank and number of teeth z = 16 was manufactured by grinding from blank pressed geometry of powder metal. The reason of manufacturing the gear that is rolled with stock material is that porous materials are subjected to volumetric plasticity. This means that in order to achieve a closed porosity, the pores will close from the initially open state and the material will lose a small part of its volume. ®Ast85Mo + 0.3 % C + 0.7 % Lube E was mixed, pressed into cylindrical blanks ∅100/33 in the density of 7.3 3 ⁄ and sintered for 45 minutes at 1120 ℃ in 90/10 % 2 / 2 . Table 1 presents the data for a pressed C-PT type gear that is usually pressed and sintered from different materials and in different densities in order to generate contact fatigue data with a FZG back to back test gear box. 
Pressure angle a = 20°
Addendum modification factor a1 = 0.182
Face width b = 14 mm
The C-PT gear with stock is rolled and densified according to conditions that will give as a result the involute shape of the C-PT gear.
The gears resulting profile measured with a Coordinate Measuring Machine (CMM) and the coordinate measurements were used for the validation of the FE simulation deformation results. Figure 7 shows one tooth the measured gear profile after the densification. In addition, metallography investigation conducted in order to find the densification rate and compare it with simulation results. Figure 8 , at the left side shows the optical microscopy result from the tooth's densification profile after rolling. It is seen that the resulted densification is mostly in the middle of the flank, around the pitch circle and it is becoming significantly smaller at the tip area. At the root area, the densification is becoming also less. This indicates that the penetration of the tool is not enough to reach the root area and to densify the material there. Figure 8 , at the right side shows the relative density of the C-PT gear in two teeth and both flanks to distance from the surface of the involute at the pitch point as was measured with optical microscopy. Some porosity is observed inside the densified area through the optical microscopy image analysis, Fig. 8 at left. Fig. 8 .a Densified tooth from metallographic investigation at the left, the tooth is the number 8.b Densification profile measured at the pitch circle in both flanks for two different teeth, at the right.
Simulation results and comparison with experimental data 6.1 Involute profile deformation results
The simulations were conducted with both the Gurson and the anisotropic model. The resulted plastic deformation from the simulations with the Gurson and the anisotropic model in comparison to the measured profile of the C-PT type gear can be seen in Fig. 9 . The results are plotted with the pitch, tip and base circle to give a better understanding. Comprehensive results at the tip and pitch area from the simulations with the anisotropic model In comparison to experimental results are presented at the pitch area and at the tip area of the C-PT type gear in Fig. 10 .
Angelopoulos, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) The resulting plastic deformation obtained from the simulations with the anisotropic model in comparison to the measured profile of the C-PT type gear can be seen in Fig. 11 . The results are plotted with the pitch, tip and base circle to give a better understanding. . Both teeth at the tip area are elongated 300-400
. This indicates that either the material models behave unrealistically or the simulation strategy is not realistic and needs to be reconsidered. One of the reasons that the simulation might be not realistic is that the tool that is used is a rigid body, rigid bodies do not undertake any deformation from the contact between the bodies and thus the flexible body's stresses are raised unrealistically. Another reason is that plane strain conditions do not allow displacement of the material in the third direction so flow of the material is only in the x-y plane. A third reason is that the voids are considered in both material models initially spherical, an assumption that is wrong due to the fact that voids in a pressed and sintered component are in ellipsoid or in irregular shape and tend to be directed to the pressing plain. Moreover, the simulations are compared with the experimental result without considering at this stage the accuracy of the rolled gear in terms of tolerance measurements from the CMM machine.
Involute profile densification results
The densification depth from the simulation results can be visualized in the post processor module of the FE commercial software for both material models. The comparison with the experimental results in densification can be conducted in two ways. The first is optically, by comparing the densification path on the involute profile from the Fig.  8a to Fig. 13 and 14. Figures 13 and 14 show the visualized result from FE simulations with the Gurson and the anisotropic material model respectively. The VVF is the Void Volume Fraction, full densification of the material model is considered when this value becomes zero. The second way is to export the values from the densification depth at the pitch point by visualizing the mesh and measuring the distance of the node at the surface to the node where the densification depth is 98%. Both nodes should be located at the pitch diameter, then comparison of these values can be done with the value obtained from figure 6 and the right diagram. Figure 10 shows the density in comparison with to the densification depth of the left blank for both material models. Fig. 15 Densification depth at the pitch point for both material models It can be seen that the densification rate using the Gurson model is significantly bigger than in the metallography investigation showed an average of 450-550 and the Gurson shows at least 600-850 . The densification rate is less with the anisotropic model, . In both cases, the densified profile follows the path of the experimental result, this gives an extra indication that the FE model is built correctly and simulates the real process.
Discussion
It is observed that both simulations results with the two material models resulted in elongated teeth at the tip, which indicates that other factors that were not taken into consideration in the simulation strategy, play a big role to the modelling process. One of these factors is that in reality the initial void is not spherical or in our case circular, this can change into the initial conditions of the anisotropic model and be examined in future work. Furthermore, the flexibility of the tool was not taken into account during this research. The assumption that a flexible tool part will undertake the loads and strains that are needed in order to reduce the elongation of the tooth at the tip area should be examined. Moreover, the tools are moving linearly and are attached on shafts, the elastic deflection of the shaft during the rolling cycles should be calculated and taken into consideration into the model. On the other hand, the evaluation of the densified measured gear profile should be examined more carefully to get a better understanding on the repeatability of the densification and deformation among the different teeth.
Conclusions
Two plasticity material models were used in simulations and compared with experimental results as far as the densification and the deformation concern. The GTN model showed a significant difference in the densification rate compared to experimental results, . The deformation result of the GTN model had also a difference of 50-80 compared to the measured tooth profile. On the other hand, the simulations with the anisotropic material model showed a better correlation with the measured tooth profile in both densification, 20-50 and deformation rate, 400-580
. The results indicate that by considering the geometrical evolution of the local representative pore, will result into a more accurate solution.
